aircraft inlet in Figure 1. In internal flows, vortex generators are used to prevent excessive boundary layer growth, flow separation, and to reduce total pressure distortion of the airstream ingested by the aircraft engine. These effects occur readily in inlet ducts and diffusers due to such factors as duct centerline curvature, and large streamwise variations in duct cross-sectional area. An experimental study is conducted to determine the dependence of vortex generator geometry and impinging flow conditions on shed vortex circulation and crossplane peak vorticity for one type of vortex generator. The vortex generator is a synm_tric airfoil having a NACA 0012 cross-sectional profile. The geometry and flow parameters varied include angle-of-attack a, chordlength c, span h, and Mach number M.
The large number of parameters to consider when designing a vortex generator array for an aircraft component (such as the wing or inlet illustrated in Figure  1 ) has the implication that experimental work to achieve optimum performance is often slow and expensive. This fact has motivated a few workers in computational fluid mechanics to assist in the optimizing process by including a means of representing vortex generators in their codes. A simple and effective way of doing this is to employ a model for the crossplane velocity or vorticity field induced by the vortex generators. This is the ap- where Fi is the measured circulation of the ith vortex or image, w_"_ is the measured peak or maximum value of the induced streamwise vorticity field, and P_ is the 
where "profile" refers to the shape of the airfoil, z is the axial position (measured from the trailing edge of the vortex generator), c is the chord length, h is the span, Comparisons of the experimental results with expressions derived from inviscid airfoil theory will be conducted.
The influence of axial (z) decay was considered in a previous report, Reference 6. In Reference 6 the vortices were generated in a counter-rotating array configuration and axial decay was examined to a position of 17.25 chordlengths downstream of the array trailing edge. In addition to the parametric study described above, the axial decay of a single embedded vortex is examined here for one condition of vortex generator geometry and flow variable. These results are compared to the axial decay results presented in Reference 6.
Facilities and Procedures
Test Facility
This study was conducted in the Internal Fluid Mechanics Facility (IFMF) of NASA Lewis. The IFMF is a subsonic facility designed to investigate a variety of duct flow phenomena. The facility, as it is configured for this test, is illustrated in Figure 3 . A typical vortex generator is illustrated in Figure 5 . is due to a torque-balancing problem at Mach numbers above 0.4; i.e. the lift force-generated torque produced by an airfoil mounted in isolation overwhelms the restraining torque provided by the turning gear and motor. Figure   6 illustrates the array configuration used to study variation in core Mach number. The vortex generator array consists of 12 blades, identical in geometry (h = 1.02 cms, c = 4.06 cms), but alternating in angle-of-attack, = -4-10°. As seen in the downstream view of Figure   6 , the vortex generators are equally spaced, circumferentiatly, at mid-chord. A0b between the mid-chord position of adjacent blades is 30 degrees, where 0 is the circumferential coordinate.
The (3)
The rake-probe consists of 4 seven-hole probe tips The circumferential extent of the crossplane survey grid is determined by the objectives of the study. In Reference 6 we were interested in studying the crossplane domain of a single embedded vortex constrained on either side by its counter-rotating neighbors. The circumferential extent of that domain was 30 degrees as determined by the geometry of the parent vortex generator array. Surveying the full 30 degrees allowed us to determine quantifies such as vortex angular momentum and transverse kinetic energy, in addition to the vortex core descriptors of circulation and peak vorticity. This data will again be useful at a later point in this paper when we attempt an analysis of the present results. We note now, however, that acquiring vortex angular momentum or transverse kinetic energy for an isolated embedded vortex would involve surveying most, if not all, of the pipe crossplane, an impractical requirement considering the crossplane grid resolution employed here. Thus, for most of the present study, we will limit ourselves to obtaining only the vortex descriptors.
These can be accurately measured by a survey grid coveting the near-region of the vortex viscous core. In most instances this involves a grid of only 20 or 25 degrees in circumferential extent.
Crossplane grid resolution is based both on the size of the vortex core and the time needed to acquire data with the rake-probe.
In most test cases here the axial location of the survey grid is z = co, the vortex core is approximately 1 centimeter in diameter, and is highly concentrated with large secondary velocities present. Sufficient resolution is obtained with A0 = 1°on the grid interior, and Ar = 1.3 ram. The vortex core grows in size and becomes more diffuse as it moves away from the parent vortex generator. Thus for axial locations sufficiently far downstream (visited when examining the axial decay of the single embedded vortex) we can coarsen the grid described above somewhat, with A0 = 1.50 and Ar = 1.7 ram. Contours of primary velocity ratio, v_/vcz, are provided in the middle plots of Figures 7--11 . Vcz is the core velocity of the pipe and is listed in Table 1 . An additional feature of the plots in Figures 7--11 is the inclusion of the crossplane profile of the vortex generator on the plots of streamwise vorticity (shaded region). The comer marked with the dashed cruciform is the trailing edge tip. Table 1 is organized into groupings of test cases covering 5 variations in test conditions. The first four groupings examine variation in z, a, aspect ratio, and h/6. Figure 7a , the single embedded vortex at z = 1 chord and shed from the reference vortex generator, is common to all 4 groupings and is thus referred to as the "baseline" test case. This is indicated in Table 1 . The fifth grouping in Table 1 , variation in core Mach number, is anchored by results depicted in Figure 1 la (M = 0.25) . The vortex generator array results in Figure 1 la are borrowed from Reference 6.
Experimental Results
The general nature of the flowfield is illustrated by the three plots in Figure 7a . A concentrated circular vortex structure dominates the flow near the wall, as seen in the transverse velocity and streamwise vorticity plots of Figure 7a . The vortex interaction with the boundary layer is depicted in the contour plot of primary velocity ratio. In the downwash region of the flowfield (to the fight of the vortex) the strong secondary flow is convecting a "tongue" of high streamwise momentum fluid under the vortex core, with subsequent boundary layer thinning.
Conversely,
in the upwash region of the vortex (on the left), the boundary layer fluid is being forced away from the wall, thereby increasing the boundary layer thickness here. A region of primary velocity deficit is also observed to coincide with the center of the vortex core. Note the "hump" in the profile of Figure 12b . Again, this is most likely due to an interaction with the nearest neighbor vortex. Also note that while the decay of w,nax for the isolated vortex is initially somewhat greater than that of an array vortex, it tapers off downstream of the z = 5c location. Downstream of the z = 8c location the peak vortieity of the isolated vortex is higher than that of the array vortex. Figures 7a and Figures 8a-c 
Descriptors Versus Angle-of-Attack

Descriptors
Versus Aspect Ratio and
Span-to-Boundary Layer Thickness Ratio
The aspect ratio of the vortex generator is varied by changing the chordlength of the model. Figure   7a and Figures 9a-d The span-to-boundary layer thickness ratio is varied by changing h while holding AR constanL Thus when h is decreased, for example, c is also decreased. Figure 7a and Figures 10a-c In Figure 1 la 
AR
The constants _t and r2 are determined from the circulation data using a least squares procedure: _1 = 1.55, r2 = 0.637. taken from values listed in Table 1 and used in Equation 9 in a manner consistent with the test conditions. So, for example, in Figure 13a , v_ is held to 81 m/sec, c = 4.064 cms, h = 1.016 cms, 6 = 1.778 cms, and AR = 0.637. We see that Equation 9 correlates the data well in every case. 
The radius of the viscous core to, the vortex circulation, and peak vorticity are related as follows:
The domain of integration for Equation I 1 are the rectangular regions enclosing the circular duct and vortex core.
With these approximations the angular momentum of the vortex model is:
where:
subject to the restrictions: (to < h), (h < R). Proceeding to the moment equation:
An expressionfor CL is borrowed from inviscid (finite wing) airfoil theory:
where "x" has been replaced with "_t" and "2" with "_2" as in Equation 9 
and:
/3o(2) = 920, /31(2) = 10. . In Figure  13a we see this correlation represents the data well over the range 8°< a < 16% This is also true for variation in v_= or M displayed by Figure 16b . For variation in AR and h/6 the two sets of constants in Equation 18 produce correlations that are distinctly different.
In Figure   14b and 15b Vortex circulation is observed to increase in proportion to a, M, and h/6. When these parameters are held constant, and airfoil aspect ratio is varied, circulation is seen to fall off in monotonic fashion with increasing aspect ratio.
The behavior of vortex peak vorficity is similar to that of circulation, with two exceptions:
1. Peak vorticity increases in proportion to a up to a _, 16°only and flattens off thereafter.
2.
Peak vorticity rises in monotonic fashion with airfoil aspect ratio reaching a maximum value at AR ,,_ 2.0 and falling off thereafter.
The influence of _, M, h/6, and AR on the shed vortex circulation can he well approximated by an empirical relation derived from Prandtl's formula (Equation 9 ).
The influence of _ and M on the shed vortex peak vorticity is represented by a correlation developed from a moment-balance in the spanwise plane of the shed vortex. The influence of AR and h/6 cannot be represented simultaneously with this correlation and is likely an indication that something more than an image or wall effect is responsible for the behavior of peak vorticity versus AR and h/,L
